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In this work, the lepton-number-violating processes in |∆L| = 2 decays of Λ0b baryon, Λ0b →
ppi+µ−µ− and Λ0b → Λ+c pi+µ−µ−, are investigated for the first time, via an intermediate on-shell
Majorana neutrino N with a mass in the GeV scale. We explore the experimental sensitivity of
these dimuon channels at the LHCb and CMS experiments, in which heavy neutrino lifetimes in
the accessible ranges of τN = [1, 100, 1000] ps are considered. For a integrated luminosity collected
of 10 and 50 fb−1 at the LHCb and 30, 300 and 3000 fb−1 at the CMS, we found significant
sensitivity on branching fractions of the order BR(Λ0b → ppi+µ−µ−) . O(10−9−10−8) and BR(Λ0b →
Λ+c pi
+µ−µ−) . O(10−8− 10−7). Exclusion regions on the parameter space (mN , |VµN |2) associated
with the heavy neutrino are presented and compared with those from K− → pi+µ−µ− (NA48/2)
and B− → pi+µ−µ− (LHCb) as well as by different search strategies such as NA3, CHARMII,
NuTeV, Belle, and DELPHI.
I. INTRODUCTION
At present, the possibility of extending the Standard
Model (SM) by including right-handed sterile neutrinos
with masses in the GeV-scale as an explanation of the
neutrino mass generation, via a low-scale seesaw model,
has taken strength both from the theoretical and ex-
perimental points of view [1]. On the theoretical side,
seesaw scenarios with neutrinos masses below the elec-
troweak scale are technically possible, without invoking
higher energy scales [1–3]. Additionally, these GeV-scale
sterile neutrinos could also explain simultaneously the
baryon asymmetry of the Universe via leptogenesis [3–6].
While on the experimental side, such sterile neutrinos
may be produced and studied in a large variety of cur-
rent and future experiments, both at the intensity and
energy frontier, rendering it to a falsifiable scenario (for
recent reviews, see Refs. [7–11] and references therein).
An interesting search strategy for heavy Majorana neu-
trinos in the GeV range, it is to look for rare phenom-
ena in which the total lepton number L is broken by
two units, generally referred to as |∆L| = 2 processes.
These sort of processes are forbidden in the SM and
remain the best way to discern if neutrinos are Majo-
rana fermions [12]. The most appealing test of such a
lepton-number-violating (LNV) processes is the neutri-
noless double-β (0νββ) decay [13–15]. Although the case
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in which the exchange of a light massive Majorana neu-
trino is considered as the usual interpretation (standard
mechanism) [13–15], recently, Refs. [16, 17] have found
that the rate for this process can also be enhanced due to
a dominant contribution from heavy neutrino exchange
with masses in the GeV-scale. Up to now, the 0νββ de-
cay seems to be a rather elusive process and has not yet
been observed experimentally. Currently, the best lim-
its on their half-lives have been obtained from the nuclei
76Ge [18] and 136Xe [19, 20]. The non-observation allow
us to set strong bounds on the mixing of a heavy neutrino
N with the electron (VeN ) [21].
The low-energy studies of rare processes in |∆L| = 2
decays of pseudoscalar mesons and the τ lepton have been
extensively studied [22–47], as alternative LNV processes
to 0νββ decay [13, 22]. In these |∆L| = 2 decays, a sterile
heavy neutrino with masses around 0.1 GeV . mN . few
GeV can be produced on their mass-shell and its signal
could be detected at different intensity frontier experi-
ments. According to their final-state topology, they can
be classified as the following:
• three-body channels [22–34, 42, 44–47]
– M− →M ′+`−i `−j ,
– τ− → `+αM ′−M ′′− ,
• four-body channels [32, 33, 35–41, 43, 46]
– M¯0 →M ′′+M ′+`−α `−β ,
– M− →M ′′0M ′+`−i `−j ,
– τ− →M ′+ντ `−α `−β ,
– M− → `−i `−j `′+ν`′ ,
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2where M ∈ {K,D,Ds, B,Bc} represents the decaying
meson, `i(j) and `
(′) ∈ {e, µ, τ} are the leptonic flavors,
and M ′ and M ′′ represent final hadronic states that are
allowed by kinematics. The possibility of CP violation
detection in ∆L = 2 decays of charged mesons [48] and
the τ lepton [47] have been also explored.
Experimentally, some of these |∆L| = 2 decays have
been pursued for many years by different flavor facilities.
No evidence has been seen so far, and upper limits on
their branching fractions have been reported by the Par-
ticle Data Group (PDG) and several experiments such as
NA48/2, BABAR, Belle, LHCb, and E791 [49–58]. At
CERN, further improvements are expected by the NA62
kaon factory [59] and the LHCb in Run 2 and the future
upgrade Run 3 [60]. In addition, the forthcoming Belle
II experiment aims to get ∼ 40 times more data than
the those accumulated by its predecessor Belle (as well
as BABAR) [61]. All these efforts will increase the sensi-
tivity on |∆L| = 2 signals by 1 or 2 orders of magnitude.
For instance, the future prospect of the Belle II search
for the channel B− → pi+µ−µ− has been discussed in
Ref. [45]. Furthermore, these improvements will allow
the search for those signals not yet explored.
Aside from the LNV processes of pseudoscalar mesons
and the τ lepton, the possibility of |∆L| = 2 decays of
hyperons [62–64] and charmed baryons [62] has been also
studied, namely, the three-body decay B−A → B+B`−i `−j as
is graphically represented in Fig. 1(a), where BA (BB)
denotes an initial (final) baryon. From the experimental
side, so far, the HyperCP [65] and E653 [66] Collabora-
tions have reported limits on the branching fractions of
Ξ− → pµ−µ− and Λ+c → Σ−µ+µ+, respectively. With
the large number of hyperons that are expected to be
produced at the BESIII experiment, these |∆L| = 2 hy-
peron decays can be also searched [67]. In addition to the
|∆L| = 2 three-body decays of a charged baryon [Fig.
1(a)], |∆L| = 2 four-body decays of a neutral baryon
B0A → B+Bpi+`−i `−j are possible as well, as is shown in
Fig. 1(b). In the case of the exchanged of a GeV-scale
Majorana neutrino, this four-body process is generated
through an s-channel in which the neutrino can be pro-
duced on-shell and dominates over the t-channel three-
body one [26].
Keeping this in mind and since the production of the
Λ0b baryon is around ∼ 5% of the total b-hadrons pro-
duced at the LHC, in this work, we will study new LNV
processes in the four-body |∆L| = 2 decays of Λ0b baryon,
Λ0b → ppi+µ−µ− and Λ0b → Λ+c pi+µ−µ−, in the sce-
nario provided by the production of an on-shell Majorana
neutrino. Within this simplified model approach, one
heavy neutrino N mixing with one flavor of SM lepton
(` = µ) and its interactions are completely determined
by the mixing angle VµN . Because of the relatively high
q′2
NB−A
W−
W−
ℓ−i
ℓ−j
(a) B−A → B+Bℓ−i ℓ−j
B+B
q3
q2
q3
q1 q′1
ℓ−i
ℓ−j
B0A
B+B
u
d¯
π+
N
(b) B0A → B+Bπ+ℓ−i ℓ−j
W−
W+
q1
q′1
q3
q3
q2
q2
FIG. 1. Feynman graphs for |∆L| = 2 decays of the BA
baryon mediated by a Majorana neutrino N : (a) three-
body B−A(q1q2q3) → B+B(q′1q′2q3)`−i `−j and (b) four-body
B0A(q1q2q3) → B+B(q′1q2q3)pi+`−i `−j channels. A similar dia-
gram obtained from the lepton exchange `i  `j must be
added.
muon reconstruction system, we focus on these same-sign
dimuon channels and explored their expected sensitivity
at the LHCb and CMS experiments. We will show that
their experimental search allow us to put bounds on the
parameter space associated with the mass mN and mix-
ing |VµN |2 of the heavy Majorana neutrino.
It is worth it to mention that the present work can be
easily extendible to other b−baryons such as Ωb,Ξb, and
Σb, which are expected to be produced at the LHC in a
lesser number than Λb.
This work is organized as follows. In Sec. II, we study
the four-body |∆L| = 2 decays of Λ0b baryon. The ex-
pected experimental sensitivity for these channels at the
LHCb and CMS experiments is presented in Sec. III.
In Sec. IV, based on the results of the previous sec-
tions, we estimate the constraints on the parameter space
(mN , |VµN |2) of the heavy neutrino that can be achieved,
in which a comparison with different search strategies is
also presented. Our conclusions are presented in Sec. V.
3II. FOUR-BODY |∆L| = 2 DECAYS OF Λb
BARYON
In this section, we explore the four-body |∆L| = 2
decays of the Λ0b baryon Λ
0
b → B+pi+`−i `−j , which can
occur via the exchange of a Majorana neutrino with a
kinematically allowed mass, namely (m`j +mpi) < mN <
(mΛb−mB−m`i), where B+ = p,Λ+c denotes a final-state
baryon and `i(j) = e, µ, τ . The corresponding diagram is
shown in Fig. 1(b), with BA = Λb and BB = B. Among
the possible same-sign dilepton final states, we will focus
on the dimuon channels Λ0b → (p,Λ+c )pi+µ−µ− and as-
sume that only one on-shell heavy neutrino N dominates
these processes.
The |∆L| = 2 decays Λ0b → (p,Λ+c )pi+µ−µ− receive
the effect of a heavy Majorana neutrino with a mass in
the ranges,
Λ0b → ppi+µ−µ− : mN ∈ [0.25, 4.57] GeV,
Λ0b → Λ+c pi+µ−µ− : mN ∈ [0.25, 3.23] GeV,
respectively. Within these mass ranges, the total decay
width of the intermediate Majorana neutrino N (ΓN )
is much smaller than its mass, ΓN  mN [22], so the
narrow width approximation is valid. This allows us
to consider the Majorana neutrino as a particle that is
produced on its mass shell through the semileptonic de-
cay Λ0b → B+µ−N , followed by the subsequent decay
N → µ−pi+.
In this on-shell factorization approach, the branching
fraction of Λ0b → B+pi+µ−µ− is then split into two sub-
processes,
BR(Λ0b → B+pi+µ−µ−) = BR(Λ0b → B+µ−N)
×Γ(N → µ−pi+)τN/~, (1)
with τN as the lifetime of the Majorana neutrino. The
decay width of N → µ−pi+ is given by the expression [22]
Γ(N → µ−pi+)
=
G2F
16pi
|V CKMud |2|VµN |2f2pimN
√
λ(m2N ,m
2
µ,m
2
pi)
×
[(
1− m
2
µ
m2N
)2
− m
2
pi
m2N
(
1 +
m2µ
m2N
)]
, (2)
where GF is the Fermi constant, V
CKM
ud is the up-
down Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ment, and fpi is the pion decay constant. The usual
kinematic Ka¨llen function is denoted by λ(x, y, z) =
x2 +y2 +z2−2(xy+xz+yz). The coupling of the heavy
neutrino (sterile) N to the charged current of lepton fla-
vor µ is characterized by the quantity VµN [22]. Both its
mass mN and VµN are unknown parameters that can be
constrained (set) from the experimental non-observation
(observation) of |∆L| = 2 processes [22, 27, 32].
The lifetime of the Majorana neutrino τN = ~/ΓN in
(1) can be obtained by summing over all accessible final
states that can be opened at the mass mN [22]. However,
in further analysis (Secs. III and IV), we will leave it as a
phenomenological parameter accessible to the LHCb and
CMS experiments.
To obtain the branching fraction of the semileptonic
subprocess Λ0b → B+µ−N , we begin from its amplitude,
which is given by the expression
M(Λ0b→ B+µ−N)
=
GF√
2
V CKMQb VµN 〈B(pB)|Q¯γα(1− γ5)b|Λb(P )〉
×[u¯(pµ)γα(1− γ5)v(pN )], (3)
where V CKMQb is the CKM matrix element involved, with
Q = u, c for B = p,Λc, respectively. The matrix element
of the vector and axial-vector currents associated to the
baryonic transition Λb → B can be parametrized as [68]〈B(pB)|Q¯γαb|Λb(P )〉 = uB(pB)[γαfV1 (t) + iσαβqβ fV2 (t)mΛb
+qα
fV3 (t)
mΛb
]
uΛb(P ), (4)
〈B(pB)|Q¯γαγ5b|Λb(P )〉 = uB(pB)[γαfA1 (t) + iσαβqβ fA2 (t)mΛb
+qα
fA3 (t)
mΛb
]
γ5uΛb(P ), (5)
in terms of six transition form factors (fV1 , f
V
2 , f
V
3 ) and
(fA1 , f
A
2 , f
A
3 ), where q = (P − pB) is the transferred mo-
mentum and t = q2. The spinors of B and Λb are repre-
sented by uB and uΛb , respectively.
We end up with a branching ratio of Λ0b → B+µ−N
given by the following expression
BR(Λ0b→ B+µ−N)
=
G2F τΛb
512pi3m3Λb~
|V CKMQb |2|VµN |2
∫ ∆2−
(mµ+mN )2
dt
√
λ(m2µ,m
2
N , t)λ(m
2
Λb
,m2B, t)
4×
{ 16
3t3
[fV1 (t)]
2αV1 (t) +
8
3m2Λbt
2
[
fV2 (t)
]2
αV2 (t) +
8
3m2Λbt
[
fV3 (t)
]2
αV3 (t) +
32
mΛbt
2
[
fV1 (t)f
V
2 (t)α
V
12(t)
+fV1 (t)f
V
3 (t)α
V
13(t)
]
+
16
3t3
[fA1 (t)]
2αA1 (t) +
8
3m2Λbt
2
[
fA2 (t)
]2
αA2 (t) +
8
3m2Λbt
[
fA3 (t)
]2
αA3 (t)
+
32
mΛbt
2
[
fA1 (t)f
A
2 (t)α
A
12(t) + f
A
1 (t)f
A
3 (t)α
A
13(t)
]}
, (6)
where the kinematic factors are
α
V/A
1 (t) = m
2
µ
[
t(Σ2− − 2m2NΣ+)− 2t2(m2N ∓mΛbmB + ∆2∓) + 4m2NΣ2− + t3
]
+(t−m2N )
[
m2N (tΣ+ − 2Σ− + t2)− t(∆2∓ − t)(Σ2± + 2t)
]
, (7)
α
V/A
2 (t) =
[
t(m2µ +m
2
N ) + (m
2
µ −m2N )2 − 2t2
][
t(Σ2± ± 4mΛbmB)− 2(Σ2− + t2)
]
, (8)
α
V/A
3 (t) = (∆
2
± − t2)
[
m2µ(t+ 2m
2
N −m2µ) +m2N (t−m2N )
]
, (9)
α
V/A
12 (t) = ∆±(∆∓ − t)
[
m2µ(t− 2m2N ) +m4µ +m4N +m2N t− 2t2
]
, (10)
α
V/A
13 (t) = ∆∓(∆± − t)
[
(m2µ −m2N )2 − t(m2µ +m2N )
]
, (11)
with ∆± = mΛb ±mB and Σ± = m2Λb ±m2B. As a cross-
check, we have verified that this expression is consistent
with the one obtained in Ref. [69]. For ensuing numer-
ical evaluations in Sec. IV, we will use the theoretical
predictions obtained by Lattice QCD on the form fac-
tors (fV1 , f
V
2 , f
V
3 ) and (f
A
1 , f
A
2 , f
A
3 ) [68]. Besides, we will
take the following numerical inputs: |V CKMud | = 0.97417,
|V CKMcb | = 40.5 × 10−3, |V CKMub | = 4.09 × 10−3 [49], and
fpi = 130.2(1.7) MeV [70]. The masses of the particles
involved and lifetime τΛb are taken from Ref. [49].
We close by mentioning that there are different calcula-
tions of the Λb → (p,Λc) form factors in the literature, for
instance, the covariant confined quark model [71]. Using
this model, we have checked that one gets very similar re-
sults as the ones presented in Sec. IV by means of Lattice
QCD [68].
III. EXPECTED EXPERIMENTAL
SENSITIVITY AT THE LHC
In this section, we provide an estimation of the ex-
pected number of events at the LHC, namely, LHCb
and CMS experiments, for the |∆L| = 2 channels Λ0b →
B+pi+µ−µ− (with B = p,Λc), discussed above.
A. LHCb experiment
The number of expected events in the LHCb experi-
ment has the form
NLHCbexp = σ(pp→ HbX)accf(b→ Λb)BR(Λ0b → ∆L = 2)
×LHCbD (Λ0b → ∆L = 2)PLHCbN LLHCbint , (12)
where σ(pp → HbX)acc is the production cross-section
of b-hadrons inside the LHCb geometrical acceptance;
f(b→ Λb) is the hadronization factor of a b-quark to Λ0b
baryons; LLHCbint is the integrated luminosity; BR(Λ0b →
∆L = 2) corresponds to the branching fraction of the
given LNV process; and LHCbD (Λ
0
b → ∆L = 2) is its
detection efficiency of the LHCb detector involving re-
construction, selection, trigger, particle misidentification,
and detection efficiencies. Most of the the on-shell neu-
trinos produced in the decays Λ0b → (p,Λ+c )µ−N are ex-
pected to live a long enough time to travel through the
detector and decay (N → pi+µ−) far from the interac-
tion region. This effect is given by the PLHCbN factor
(acceptance factor), which accounts for the probability
of the on-shell neutrino N decay products to be inside
the LHCb detector acceptance [42]. The reconstruction
efficiency will depend on this acceptance factor as well.
The production cross section is well measured to be
σ(pp → HbX)acc = (75.3 ± 5.4 ± 13.0) µb inside the
LHCb acceptance [72]. The hadronization factor can be
related with the total hadronization factor to baryons as
f(b → baryons) ' f(b → Λb)(1 + 2f(b → B0s )/f(b →
B0)), where we have used isospin symmetry described in
Ref. [73]. Thus, the hadronization factor can be built
from Ref [74], where f(b → baryons) = 0.088 ± 0.012,
f(b → B0s ) = 0.103 ± 0.005 and f(b → B0) = 0.404 ±
0.006, where these factors are computed as an average of
LEP and Tevatron measurements. This leads to f(b →
Λb) ' 0.053± 0.017.
Precise computation of the detection efficiency requires
fully simulated decay-specific Monte Carlo samples, re-
constructed in the same manner as real data and with a
simulation of the full detector. However a rough estima-
tion can be done with detection efficiencies already re-
5ported by the LHCb experiment in the study of some Λ0b
decays with the same or similar final-state particle con-
tent as our LNV modes, such as Ref. [75]. Here, the study
of Λ0b → [cc¯]pK modes ( [cc¯] stands for Jψ, χc1, and χc2
charmonia states which decay into a pair of muons tracks)
is performed, and the measured yields and efficiency cor-
rected yields are given, and therefore LHCbD per mode
can be extracted. From that information, it is extracted
that (Λ0b → J/ψ(→ µ+µ−)pK) ' 0.0246 ± 0.0001,
where it must be mentioned that tight selection crite-
ria are used, to maximize signal over background, given
the large suppression of the decays under study, some-
10-10 10-9 10-8 10-7 10-6
BR(Λ0b ppi
+ µ−µ− )
10-2
10-1
100
101
102
103
104
Ex
pe
ct
ed
 e
ve
nt
s 
at
 L
H
C
b 
ex
pe
rim
en
t
L = 10 fb−1
L = 50 fb−1
10-10 10-9 10-8 10-7 10-6
BR(Λ0b Λ
+
c pi
+ µ−µ− )
10-3
10-2
10-1
100
101
102
103
Ex
pe
ct
ed
 e
ve
nt
s 
at
 L
H
C
b 
ex
pe
rim
en
t
L = 10 fb−1
L = 50 fb−1
FIG. 2. Number of expected events of the process Λ0b →
ppi+µ−µ− (top) and Λ0b → Λ+c pi+µ−µ− (bottom) to be ob-
served in the LHCb experiment as a function of their branch-
ing fractions for a luminosity of 10 fb−1 (red) and 50 fb−1
(magenta). Solid lines show the central value, while the filled
area shows the 1-σ uncertainty.
thing similar to the |∆L| = 2 decays of interest. On
the other hand, in Ref. [76], it is determined the follow-
ing ratio of efficiencies (Λ0b → µ+µ−ppi)/(Λ0b → J/ψ(→
µ+µ−)ppi) = 0.49 ± 0.02, which are channels with iden-
tical topologies to Λb → ppi+µ−µ−, therefore we can
safely state LHCbD (Λ
0
b → ppi+µ−µ−) ' 0.0121 ± 0.0005.
As, Λ0b → Λ+c (→ pK−pi+)pi+µ−µ− involves two addi-
tional charged tracks, we can multiply above expression
for 90% for each additional track, keeping same uncer-
tainty in a conservative scenario, to obtain LHCbD (Λ
0
b →
Λ+c pi
+µ−µ−) ' 0.0098± 0.0005. Finally, in Ref. [77], re-
construction efficiencies for hypothetical long-lived par-
ticles inside the LHCb acceptance are given. Here we
can observe that a maximum variation of about 25% is
measured in the efficiencies of particles living in the [5 -
100] ps range, with masses up to 200 GeV/c2. Thus, to
account for this effect, we will just add a 25% relative
uncertainty to our efficiency prediction, obtaining finally
LHCbD (Λ
0
b → ppi+µ−µ−)PLHCbN ' 0.0121± 0.0030,
LHCbD (Λ
0
b → Λ+c pi+µ−µ−)PLHCbN ' 0.0098± 0.0025.
The combination of all inputs to the number of ex-
pected events leads to a relative uncertainty of 45% in
both LNV modes, where to compute N(Λ0b → Λ+c (→
pK−pi+)pi+µ−µ−) we have used BR(Λ+c → pK−pi+) =
(6.35± 0.33)%.
Assuming above assumptions on the efficiency and
cross section, in Figs. 2[top] and 2[bottom] we plot the
number of expected events to be observed in the LHCb
experiment as a function of the branching fraction for
Λ0b → ppi+µ−µ− and Λ0b → Λ+c pi+µ−µ−, respectively.
The red and magenta regions correspond to a luminos-
ity of LLHCbint = 10 and 50 fb−1 for LHC Run2 and LHC
Run3, respectively. In Table I we present the number of
expected events for some selected values of branching ra-
tios. We can see that values of branching fractions of the
order 10−9 − 10−8 for Λ0b → ppi+µ−µ− and 10−8 − 10−7
for Λ0b → Λ+c pi+µ−µ− might be within the experimental
reach of the LHCb.
B. CMS experiment
For the CMS experiment, the number of expected
events is given by the expression
NCMSexp = σ(pp→ Λ0bX)BR(Λ0b → ∆L = 2)
×CMSD (Λ0b → ∆L = 2)PCMSN LCMSint , (13)
where LCMSint is the integrated luminosity, σ(pp → Λ0bX)
is the production cross-section of Λ0b baryons inside the
CMS geometrical acceptance proton-proton collisions,
PCMSN is the acceptance factor at the CMS, 
CMS
D (Λ
0
b →
6TABLE I. Number of expected events at the LHCb for some
selected values of the branching ratio of Λ0b → ppi+µ−µ− and
Λ0b → Λ+c pi+µ−µ−.
Mode LLHCbint (fb−1) BR Number of events
10−6 981± 441
10 10−7 98± 44
10−8 10± 4
Λ0b → ppi+µ−µ− 10−7 530± 238
50 10−8 53± 24
10−9 5± 2
10 10−6 50± 23
10−7 5± 2
Λ0b → Λ+c pi+µ−µ− 10−6 272± 122
50 10−7 27± 12
10−8 3± 1
∆L = 2) is the CMS experiment efficiency that involves
the detection and trigger efficiencies and the geometrical
acceptance to detect our signal, and BR(Λ0b → ∆L = 2)
is its respective branching ratio.
To calculate the efficiency of the CMS experiment to
accept our signal we have to take into account the track
reconstruction efficiency for charged pions (due to the
lack of the particle identification, CMS assumes that all
charged tracks are pions) as well as the muon reconstruc-
tion efficiency for the kinematics of the signal. The pro-
duced particles from Λ0b decay have relatively low pT .
We consider that the pions and muons from our signal
have mainly a pT < 20 GeV. From [78] CMS reconstruc-
tion efficiency of charged tracks in the tracker, for the
pT spectrum of interest, the reconstruction efficiency of
pions from our signal is of 90% at 7 TeV proton-proton
collisions. We assume that this efficiency remains mainly
unchanged at 13 TeV. At 8 TeV the muon reconstruction
efficiency for a pT > 3 GeV and pT < 20 GeV has been
measured to be around 90% [79]. We also assume this
efficiency remains unchanged at 13 TeV.
Additionally, precise computation of the detection effi-
ciency of our signal events requires fully simulated decay
specific Monte Carlo samples, reconstructed using the
same techniques as in real data and with a full simulation
of the detector. However, a rough estimation can be done
with detection efficiency already reported by the CMS ex-
periment in the study of the Λ0b baryon cross section [80],
which is 0.73% (with an uncertainty of approximately
10%). For the decay channel Λ0b → ppi+µ−µ− we have the
same final-state particle, and thus we assume the same
reconstruction efficiency, i.e., CMSD (Λ
0
b → ppi+µ−µ−) =
(0.73 ± 0.07)%. For the channel Λ0b → Λ+c pi+µ−µ−,
there are two other tracks (considering the chain decay
Λ+c → pK−pi+). For this reason, the efficiency detec-
tion will be reduced, and taking into account the effi-
ciency of these additional tracks, we will assume it to
be CMSD (Λ
0
b → Λ+c pi+µ−µ−) = (0.59 ± 0.06)%. This is
not an optimistic case, since the CMS Collaboration is
making an important effort to improve the reconstruction
capabilities in Run 2.
We have considered a minimum and maximum neu-
trino lifetime of τN = 1 ps and 1000 ps, respectively,
where the detector has sensitivity. Considering that the
neutrino travels at nearly the speed of light and taking
into account that the neutrino comes from the Λ0b de-
cay, the decay length of the neutrino is LN = 0.3 cm
(30 cm) for τN = 1 ps (1000 ps) lifetime. We consider
that the decay length of Λ0b is 0.4 cm because its lifetime
is 1.466 ps [49]. According to Ref. [78], the reconstruc-
tion efficiency for tracks originated at a distance of 30
cm from the collision point is 55% and for 1 cm is 100%,
where we can observe a maximum variation of about 18%.
Then, to consider this effect, we will add an 18% relative
uncertainty to our efficiency prediction. Therefore, we
estimate an acceptance factor 0.55 ≤ PN ≤ 1 for 1 ps
≤ τN ≤ 1000 ps. Of course, this is an estimation from
studies performed by the CMS experiment at 7 TeV, and
a precise estimation will require knowledge of the produc-
tion and decay vertex, which can be adequately included
during the data analysis. Finally, the efficiencies will be
CMSD (Λ
0
b → ppi+µ−µ−)PCMSN ' 0.073± 0.015,
CMSD (Λ
0
b → Λ+c pi+µ−µ−)PCMSN ' 0.059± 0.013.
The cross section times the branching fraction σ(Λb)×
BR(Λb → J/ψΛ) [with pT (Λb) > 10 GeV and |y(Λb)| <
2.0] at 7 TeV measured by the CMS experiment is 1.16±
0.06 ± 0.12 nb [80]. It is not possible to directly infer
the BR(Λb → J/ψΛ) because there is not a published
measurement of f(b → Λb). However, we will use the
value estimated in the previous section f(b → Λb) '
0.053±0.017. Now, the PDG reports BR(Λb → J/ψΛ)×
f(b → Λb) = (5.8 ± 0.8) × 10−5. Using the previous
numbers, we can find a cross section value of σ(pp →
ΛbX) = (1.06 ± 0.39) µb at 7 TeV . Extrapolating this
value to 13 TeV assuming that the cross sections grows
as the energy collision σ(pp→ ΛbX) = (1.97± 0.72) µb.
Considering the values found for the cross section and
efficiencies, Fig. 3 shows the number of expected events
to be observed in the CMS experiment for LCMSint =
30, 300, and 3000 fb−1 as a function of the branch-
ing ratio of Λ0b into our LNV channels, where to com-
pute N(Λ0b → Λ+c (→ pK−pi+)pi+µ−µ−) we have used
BR(Λ+c → pK−pi+) = (6.35 ± 0.33)%. For integrated
luminosities of 30 and 300 fb−1, in Table II, we present
the number of expected events for some selected values
of branching ratios. It is easy to see that for 3000 fb−1
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FIG. 3. Number of expected events of the process Λ0b →
ppi+µ−µ− (top) and Λ0b → Λ+c pi+µ−µ− (bottom])to be ob-
served in the CMS experiment as a function of their branch-
ing fractions for a luminosity of 30 fb−1 (green), 300 fb−1
(blue), and 3000 fb−1 (gray). Solid lines shows the central
value, while the filled area shows the 1-σ uncertainty.
the number of events will increase 1 order of magnitude,
since these scale in the same way as the luminosity. We
found significant sensitivity at the CMS on branching
fractions of the order 10−9 − 10−8 for Λ0b → ppi+µ−µ−
and 10−8 − 10−7 for Λ0b → Λ+c pi+µ−µ−.
In the analysis of the next section, we will take these
values of branching fractions as the most conservative
ones and accessible to the LHCb and CMS experiments.
IV. CONSTRAINTS ON THE (mN , |VµN |2) PLANE
Experimental limits from the search of |∆L| = 2 pro-
cesses can be reinterpreted as constraints on the pa-
TABLE II. Number of expected events at the CMS for some
selected values of the branching ratio of Λ0b → ppi+µ−µ− and
Λ0b → Λ+c pi+µ−µ−.
Mode LCMSint (fb−1) BR Number of events
10−6 431± 164
30 10−7 43± 16
Λ0b → ppi+µ−µ− 10−8 4± 2
300 10−8 43± 16
10−9 4± 2
30 10−6 27± 10
Λ0b → Λ+c pi+µ−µ− 10−7 3± 1
300 10−7 27± 10
10−8 3± 1
rameter space of a heavy sterile neutrino (mN , |VµN |2),
namely, the squared mixing element |VµN |2 as a function
of the mass mN [22, 27, 32]. Based on the analysis pre-
sented in the previous section, here we explore the con-
straints on the (mN , |VµN |2) plane that can be achieved
from the experimental searches on Λ0b → (p,Λ+c )pi+µ−µ−
at the LHC.
From Eq. (1), it is straightforward to obtain the rela-
tion
|VµN |2 =
[
~ BR(Λ0b → B+pi+µ−µ−)
BR(Λ0b → B+µ−N)× Γ(N → µ−pi+)τN
]1/2
(14)
where
BR(Λ0b → B+µ−N) = BR(Λ0b → B+µ−N)/|VµN |2,
(15)
Γ(N → µ−pi+) = Γ(N → µ−pi+)/|VµN |2, (16)
are the normalized branching ratio BR(Λ0b → B+µ−N)
[Eq. (6)] and decay width Γ(N → µ−pi+) [Eq. (2)] to
the neutrino mixing |VµN |2. As was already discussed in
Sec. III and following the analysis of NA48/2 [50] and
the LHCb [52], we will consider heavy neutrino lifetimes
of τN = [1, 100, 1000] ps as benchmark points in our anal-
ysis. This will allow us to extract limits on |VµN |2 with-
out any additional assumption on the relative size of the
mixing matrix elements.
To illustrate the constraints that can be achieved
from the experimental searches on Λ0b → ppi+µ−µ−, in
Figs. 4(a) and 4(b), we show the exclusions regions on
|VµN |2 as a function of mN obtained by taking an ex-
pected sensitivity on the branching fractions of the or-
der BR(Λ0b → ppi+µ−µ−) < 10−8 and < 10−9, respec-
tively. In both cases, the gray, blue, light-gray regions
represents the constraints obtained for heavy neutrino
lifetimes of τN = [1, 100, 1000] ps, respectively. For the
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FIG. 4. Exclusion regions on the(mN , |VµN |2) plane for (a)
BR(Λ0b → ppi+µ−µ−) < 10−8 and (b) BR(Λ0b → ppi+µ−µ−) <
10−9. The gray, blue, and light-gray regions represent the
constraints obtained for heavy neutrino lifetimes of τN =
[1, 100, 1000] ps, respectively. Limits provided by K− →
pi+µ−µ− [50] and B− → pi+µ−µ− [44] are also included for
comparison.
purpose of comparison, we also plotted the available ex-
clusion limits obtained from searches on |∆L| = 2 chan-
nels: K− → pi+µ−µ− (NA48/2) [50] and B− → pi+µ−µ−
(LHCb) [55]. The limit from the K− → pi+µ−µ− chan-
nel is taken for τN = 1000 ps [50]. While for the B
− →
pi+µ−µ− channel, we compare with the revised limit [44]
from the LHCb analysis [55]. We can see in Figs. 4(a)
and 4(b) that the most restrictive constraint is given by
K− → pi+µ−µ− which can reach |VµN |2 ∼ O(10−5) but
only for a very narrow range [0.25, 0.38] GeV of Majo-
rana neutrino masses. For mN > 0.38 GeV, the four-
body channel Λ0b → ppi+µ−µ− (CKM suppressed) would
be able to extend the region of |VµN |2 covered by the
channel B− → pi+µ−µ− (also CKM suppressed).
As for the searches on Λ0b → Λ+c pi+µ−µ−, with a
similar expected sensitivity at the LHC of BR(Λ0b →
Λ+c pi
+µ−µ−) < 10−8 and < 10−9, we show, respectively,
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FIG. 5. Exclusion regions on the (mN , |VµN |2) plane for
(a) BR(Λ0b → Λ+c pi+µ−µ−) < 10−7 and (b) BR(Λ0b →
Λ+c pi
+µ−µ−) < 10−8. The gray, blue, light-gray regiosn rep-
resent the constraints obtained for heavy neutrino lifetimes
of τN = [1, 100, 1000] ps, respectively. Limits provided by
K− → pi+µ−µ− [50] and B− → pi+µ−µ− [44] are also in-
cluded for comparison.
the exclusion curves on the (mN , |VµN |2) plane in Figs.
5(a) and 5(b). Again, in both cases, the gray, blue, and
light-gray regions present the constraints obtained for
heavy neutrino lifetimes of τN = [1, 100, 1000] ps, respec-
tively. It is important to remark that, due to the CKM
mixing elements involved, the Λ0b → Λ+c pi+µ−µ− chan-
nel is a CKM-allowed process, and therefore it would be
able to exclude regions of |VµN |2 that are weaker than
K− → pi+µ−µ− and stronger than B− → pi+µ−µ−.
In addition, it is important to comment that for the
GeV-scale of sterile neutrino masses relevant to this work,
mN ∈ [0.25, 5.0] GeV, different search strategies have
been used to get constraints on the mixing element |VµN |
(for a recent review on the theoretical and experimental
status see Refs. [7–11, 22] and references therein). The
lack of experimental evidence of searches of peaks in the
muon spectrum of leptonic K± decays (PS191, E949)
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FIG. 6. Exclusion regions on (mN , |VµN |2) plane coming
from: Belle [82], DELPHI [83], NA3 [84], CHARMII [85], and
NuTeV [86] experiments. Limits provided by the searches on
Λ0b → (p,Λ+c )pi+µ−µ− are represented by the gray and blue
regions, respectively. See text for details.
and searches through specific visible channels of heavy
neutrino decays produced in beam dump experiments
(such as NA3, CHARM, and NuTeV, among others) al-
lows us to put constraints on |VµN |2 ∼ O(10−8 − 10−6)
for masses of the sterile neutrino ranging from 0.2 to 2.0
GeV [7–10, 22]. It is expected that the recently pro-
posed high-intensity beam dump experiment SHiP [81]
can significantly improve those bounds [9]. Moreover, in
the mass range [0.5,5.0] GeV searches of heavy neutrinos
have been performed by Belle using the inclusive decay
mode B → X`N followed by N → `pi (with ` = e, µ) [82],
and by DELPHI using the possible production of heavy
neutrinos in the Z-boson decay Z → νN [83]. For masses
5.0 GeV < mN < mW , the possibility of a heavy neu-
trino produced in W and Higgs boson decays has been
studied as well; see, for instance Ref. [87].
In Fig. 6, we show the exclusion bounds on the
(mN , |VµN |2) plane coming from Belle [82], DELPHI [83],
NA3 [84], CHARMII [85], and NuTeV [86] experi-
ments, in the mass range [0.5,5.0] GeV. In comparison,
the constraints obtained from the searches on Λ0b →
(p,Λ+c )pi
+µ−µ− are represented by the gray and blue
regions, for a branching fraction of BR < 10−8 and
BR < 10−9, respectively. In both cases, a lifetime
τN = 1000 ps have been taken as a representative value.
We observe that our ∆L = 2 channels proposal would
complement these bounds in the mass region around
mN ' 2.0− 3.0 GeV.
V. CONCLUSIONS
In the present work, we have studied new LNV pro-
cesses in the four-body |∆L| = 2 decays of the Λ0b baryon,
Λ0b → ppi+µ−µ− and Λ0b → Λ+c pi+µ−µ−. We have inves-
tigated the production of a GeV-scale Majorana neutrino
through these |∆L| = 2 decays, particularly, neutrino
masses mN ∈ [0.25, 4.57] GeV and mN ∈ [0.25, 3.23]
GeV. Because of the relatively high muon reconstruc-
tion system, we have paid attention on these same-sign
dimuon channels and explored their experimental sen-
sitivity at the LHCb and CMS. We considered heavy
neutrino lifetimes of τN = [1, 100, 1000] ps, where the
probability for the on-shell neutrino N decay products
to be inside the detector (acceptance factor PN ) has
been taken into account in our analysis. According to
this analysis, it is found as conservative values, that for
a integrated luminosity collected of 10 and 50 fb−1 at
the LHCb and 30, 300, and 3000 fb−1 at the CMS; one
would expect sensitivities on the branching fractions of
the order BR(Λ0b → ppi+µ−µ−) . O(10−9 − 10−8) and
BR(Λ0b → Λ+c pi+µ−µ−) . O(10−8 − 10−7), respectively.
With such sensitivities, we extracted constraints on the
parameter space (mN , |VµN |2) that might be obtained
from their experimental search for neutrino lifetimes of
τN = [1, 100, 1000] ps. Depending on the τN value, these
channels would be able to exclude regions of |VµN |2 that
are weaker than K− → pi+µ−µ− (NA48/2) and stronger
than B− → pi+µ−µ− (LHCb). In addition, we observed
that our ∆L = 2 channels proposal would complement
the bounds given by different search strategies (such as
NA3, CHARMII, NuTeV, Belle, and DELPHI), in the
mass region around mN ' 2.0− 3.0 GeV. Consequently,
the study of ∆L = 2 decays of the Λb baryon is a very
promising place to look for heavy Majorana neutrinos.
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